An ordinary smartphone in Japan (SH-12C, Sharp Corp., Osaka, Japan) was used as the snoring sound monitor. It was attached to the anterior chest wall over the sternum using adhesive tape. The opening of the built-in microphone was directed toward the neck.
institutional review board, and all patients gave their written informed consent.
S C I E N T I F I C I N V E S T I G A T I O N S
H abitual snoring is an extremely prevalent condition affecting 22% to 44% of middle-aged males and 13% to 28% of middle-aged females. [1] [2] [3] It is a key symptom suggesting the possibility of obstructive sleep apnea (OSA). Moreover, it has been suggested that snoring can be a vascular risk. 4, 5 Primary snoring is readily affected by body position 6 ; it may decrease or increase with loss or gain in body weight. 7 Decrease in snoring reduces the risk of sleep disordered breathing. Therefore, self-monitoring of snoring is considered to be a useful tool for maintaining good health among the general population. However, no device is currently available for home monitoring of snoring. Recently, smartphones with various sensors and signal processing capabilities have been used as tools for home healthcare (for example, as a pedometer, an exercise pulse rate monitor, and an advisory service for dietary control). Moreover, a growing body of biomedical engineering research demonstrated that snoring characteristics carry very useful information about OSA severity. [8] [9] [10] [11] [12] [13] [14] [15] We attempted to develop a snoring sound monitor consisting of a smartphone alone. The system was designed for quantifying snoring as well as OSA severity.
METHODS

Subjects
The subjects included 50 patients who underwent diagnostic PSG for suspected sleep apnea. The study was approved by our window), calculated power spectra using a fast Fourier transform, and stored these on the memory of the smartphone; this process was repeated every 0.2 s. Although this procedure discards half the data, it seems sufficient for the acquisition of snoring sound. The sound acquisition procedure was identical to that developed for tracheal sound monitoring to detect OSA. 15 
Analysis of the Sounds
Sound Intensity
The program was calibrated once using a reference sound pressure level (94 dB [0 dB = 20µPa], 1 kHz) during its development. A sound calibrator (SC-2120A; Ono Sokki, Yokohama, Japan) was connected to the smartphone at the opening of the built-in microphone using a custom-made attachment to ensure a sealed connection. The program calculated the top 1 percentile sound pressure level (L1) and the equivalent sound pressure level (Leq) in dB from the all-night data as variables of snoring sound intensity. 16 
Detection of Snoring Sound
Recorded spectra of the 10 development group subjects were displayed as spectrograms (Figure 1) , from which the segments with features characteristic of snoring were selected to determine the spectral parameters for snoring detection. These parameters were adjusted to maximize the association between snoring time measured with the smart phone and that taken from PSG tracheal sounds.
Detection of Respiratory Events
Sound power (in dB, 50-2000 Hz) time series data were generated and low-pass filtered (cutoff frequency 0.05 Hz), from which we detected sound power dips fulfilling the following criteria (Figure 1 ): the sound power dip was defined as a dip in more than a given threshold value in the time series, lasting ≤ 90 s, with the descending and ascending portions steeper than the threshold value per 18 s. The dip was assumed to correspond to a respiratory event. 15 We defined the smart-RDI as the number of sound power dips per hour of examination. The optimal threshold for the dip was determined from the 10 development group patients' data, based on the value that maximizes the association between the smart-RDI and PSG-AHI.
Polysomnography
The sensors for PSG along with the smartphone were fixed by technicians, but the sensors were not monitored after the start of the recording. PSG was recorded using a polygraph system (EEG7414; Nihon Kohden, Tokyo, Japan). Nasal airflow was monitored with a nasal prong pressure transducer (PTAF; Pro-Tec, Mukilteo, WA, USA). Thoracic and abdominal respiratory movements were monitored with respiratory inductive plethysmography (Q-RIP; Braebon Medical Corp., Kanata, Ontario, Canada). Oxyhemoglobin saturation was monitored using a pulse oximeter (OLV-3100; Nihon Kohden, Tokyo, Japan) at the fastest response mode.
Tracheal sound was recorded from an air-coupled microphone (ECM-PC60, SONY, Tokyo, Japan) attached on the neck over the trachea. The recording system of tracheal sound was calibrated using a reference sound pressure level (94 dB) in the same way as the smartphone system. Tracheal sounds were digitized by the sound system incorporated in a personal computer (PC) at a sampling frequency of 11025 Hz. To evaluate snoring sound intensity, ambient sound pressure was also recorded using a sound level meter (LA1200; Ono Sokki, Yokohama, Japan). The microphone of the sound level meter was suspended 1.2 m above the surface of the patient's bed. The ambient sound intensity was measured as an A-weighted sound pressure level with a time constant of 125 ms. The measured sound pressure level was inputted to the polygraph system as an analogue signal and digitized simultaneously with the other PSG signals.
The recording by PSG and the smartphone were started simultaneously. Sleep stages were scored manually according to standard criteria. Apnea was defined as cessation of airflow lasting ≥ 10 s. Hypopnea was defined as an episode of airflow amplitude reduction (> 50%) lasting ≥ 10 s and associated with ≥ 3% oxygen desaturation or an arousal. 17 The apneahypopnea index (AHI) was calculated as the number of apnea and hypopnea events per hour of sleep. Snoring was detected from the tracheal sound data automatically using the criteria in which a peak value of power spectral density ≥ 70 dB/Hz, which means a power spectrum of about 80 dB at the frequency resolution of 10.8 Hz (11025-Hz sampling and 1024 points window), within the frequency bandwidth of 100-300 Hz was defined as snoring. 6 Thereafter, we examined the whole overnight sound spectrogram and excluded body movement sounds and voice sounds from the automatically detected segments. As a variable of snoring sound intensity, we calculated the L1 and Leq during sleep from tracheal sound spectra data recorded every 0.2 s during PSG. 18 In addition, the L1 and Leq during sleep were calculated from the ambient sound level data, because variables from the tracheal sounds were found to suffer a ceiling effect in patients with loud snoring.
Analysis
The subjects were divided into the development group (n = 10) and the validation group (n = 40). The spectral parameters for detecting snoring and the threshold for detecting sound power dips were determined using data from the development group subjects. Comparisons between the snoring time using the smartphone and that using PSG tracheal sounds and between the smart-RDI and AHI were performed using data from the validation group subjects. The L1 and Leq values determined by the smartphone were compared with those of tracheal sounds and ambient sounds determined by PSG in all subjects. All variables from PSG were calculated for total sleep time (TST) with denominator of TST, while the compared variables from smartphone were calculated for entire examination time with denominator of examination time. The smartphone data were analyzed using a custom-made PC program, which can be implemented on a smartphone, and no manual editing was made.
RESULTS
Characterization of Subjects
Of the 50 subjects, 42 were males and 8 were females. The mean age of the subjects was 47.9 years (SD 13.7 years), and the mean body mass index was 26.4 (SD 6.1). The mean AHI was 27.3 (SD 26.1). Eleven patients were not apneic (AHI < 5), 10 patients had mild OSA (AHI 5-14.9), 12 patients had moderate OSA (AHI 15-29.9), and 17 patients had severe OSA (AHI ≥ 30).
Snoring Sound
The L1 value using the smartphone correlated with the tracheal sound L1 (r = 0.75) and ambient sound L1 (r = 0.92) during sleep using PSG (Figure 2, n = 50) . The Leq value Figure 2 -The relationship between the equivalent sound pressure level (Leq) determined by the smartphone and that of tracheal sounds and ambient sounds during sleep determined by polysomnography using the smartphone correlated with the tracheal sound Leq (r = 0.72) and ambient sound Leq (r = 0.82) during sleep using PSG (Figure 3, n = 50) .
The parameters for detecting snoring were determined by the data of the development group subjects. Consequently, the following 3 parameters were determined: power spectral peak density > 35 dB/Hz, which means a power spectrum of about 45 dB at the frequency resolution of 10.8 Hz (11025-Hz sampling and 1024 points window), and between 50 and 300 Hz; total power exceeding the lowest level during the preceding 5 s by > 6 dB; and continuing for 0.4-3.0 s. If a data segment fulfilled all 3 conditions, it qualified as snoring.
Snoring time (% examination time) measured using the smartphone and based on the above criteria highly correlated with the snoring time (% TST) determined using PSG in the validation group (Figure 4 ; r = 0.93, n = 40).
Apnea and Hypopnea
The data from the development group subjects were divided into 80 1-h segments. The number of sound power dips detected by the smartphone at various thresholds and that of Figure 5-The relationship between the respiratory disturbance index determined by the smartphone (smart-RDI) and the apnea-hypopnea index (AHI) determined by polysomnography apnea-hypopnea events detected by PSG were compared in each segment. The correlation between both numbers was highest at a threshold of 3 dB, which was adopted as the threshold for the validation of the smart-RDI.
Comparison of the smart-RDI and AHI in all 40 subjects of the validation group revealed a high correlation (Figure 5 ; r = 0.94). Bland-Altman analysis showed that the mean difference between the smart-RDI and AHI was -6.0 and the limit of agreement was -25.0 to 13.1 (Figure 6) . The diagnostic sensitivity and specificity of the smart-RDI in the validation group are shown as receiver operating characteristic curves (Figure 7) . The sensitivity was moderate and the specificity was relatively high.
DISCUSSION
We attempted to use a smartphone for monitoring snoring and OSA. The smartphone program to detect snoring and OSA events was developed using data from 10 patients and validated using data from the other 40 patients and proved to be considerably effective in detecting snoring and OSA events.
Many screening tools based on questionnaires use snoring as a key symptom of OSA. 19, 20 However, it may be difficult for a single adult to answer these questionnaires accurately because most snorers are unaware of their snoring. 21 Objectively measured snoring intensity is known to correlate with pleural pressure swing amplitude 22 and OSA severity. 8 A study in rabbits demonstrated that exposure to vibrations induced carotid artery endothelial dysfunction in a vibration energy dose-dependent manner, suggesting the importance of snoring intensity. 5 We reported that ambient sound L1 during sleep is related to sleepiness and daytime blood pressure independent of obesity and OSA. 23, 24 We therefore suggest that a simple method using a smartphone to measure snoring is useful not only for screening OSA but also for evaluating snoring as a detrimental symptom.
The present study has limitations that have to be addressed. First, the subjects were patients with symptoms suggestive of OSA. It is therefore necessary to test the method in the general population. Second, the recording was performed in a single room for polysomnography. In the presence of a bed partner, measurement of snoring and OSA may be affected by various sounds, including the bed partner's snoring. Third, the performance of the monitor should be dependent on the characteristics of the smartphone. Therefore, the parameters to detect snoring and OSA events need to be tuned appropriately to each specific smartphone. Finally, the results suggest that the correlation between the smart-RDI and AHI was not as good for subjects with an AHI less than 30. Therefore, the smartphone program may have insufficient diagnostic accuracy for use as a screening tool to rule out milder forms of OSA.
The present study presents the concept that a smartphone can be used for monitoring snoring and OSA. This method cannot be used as a substitute for the type 4 OSA monitor because the reliability of the method depends on the environment and the device. However, it may be a very useful tool for individuals to check the status of their snoring and OSA daily when attempting various behavioral modifications, e.g., changes in sleeping posture or decrease in body weight. Further studies under practical conditions are warranted.
